Abstract Shoaling intensity in zebrafish Danio rerio is believed to vary throughout subjective day and night hours. This experiment examines long term variations in shoaling behavior. Adult zebrafish Danio rerio were maintained under a 12:12 LD cycle (with dim red light serving as reduced visibility during subjective dark hours), and their shoaling behavior was monitored every hours for a three-day period of time. Our results show that zebrafish perform shoaling behavior throughout subjective day and under reduced visibility conditions, although mean shoaling times during the light phase were significantly higher than mean shoaling times during the dark phase. However, on the 3 rd day of the experiment, mean shoaling times during the subjective night had increased and mean shoaling times during the subjective day had decreased. This shift in intensity was not seen on the first two days of the study, and may represent the influence of experience on the behavior of the test fish. We believe this study shows that shoaling behavior changes with light/dark cycles and that fish shoal even during Simple social groupings, or shoals, offer numerous benefits to individual fish, including enhanced foraging success (Pitcher et al., 1982) , access to potential mates (Nordell and Valone, 1998) , and protection from predators (Landeau and Terborgh, 1986) . Shoaling behavior has been demonstrated in a variety of fish species including the zebrafish Danio rerio, which has become an important model organism in a wide variety of scientific fields. Zebrafish have been shown to form shoals under experimental conditions, and assess prospective shoal mates based on factors such as pigmentation pattern (Engeszer et al., 2004) , body coloration (Snekser et al., 2006), sex (Ruhl and McRobert, 2005) , and species (Snekser et al., 2010) .
2 exhibited daily variations in shoaling behavior, with the lowest mean shoaling time being recorded at the mid-point of the fish's subjective night (0000 hrs), then rising significantly throughout the day, reaching its highest intensity at the onset of subjective night (2000 hrs). Fish raised in continuous conditions (DD and LL) showed no significant differences in mean shoaling values at different times of day and no discernible variation across time periods, suggesting that the differences observed in the LD fish either did not represent circadian rhythms, or that circadian aspects of shoaling require entrainment by light cues. Accordingly, this study demonstrated the existence of daily variations in shoaling behavior suggesting that environmental cues in the form of light/dark cycles may play an important role in regulating these variations. Zebrafish are generally regarded as diurnal organisms. However, these variations in behavior (particularly at hours considered to be subjective night) have led to speculations as to whether any of their behaviors could be indicative of either nocturnal or crepuscular activity. Crepuscular activity is used as a transitional period between diurnal and nocturnal states. In shoaling species, this may provide individuals with the opportunity to remain close to conspecifics. Increased shoaling during this time may provide individuals with some protection from predators In our previous study (Paciorek and McRobert, 2012) , zebrafish were maintained in a light-controlled holding tank until testing, at which time they were moved to an experimental tank, under lights, and observed for 10 minutes. Tests were performed at four times of day: 0000 hrs, 0800 hrs, 1200 hrs and 2000 hrs, and each fish was tested only once.
This methodology raises concerns that the movement of the fish from their holding tank to the test tank may have affected the results. In the current study, each individual zebrafish was maintained within the test tank (under a 12:12 LD cycle) for 72 hours, with shoaling behavior being monitored every hour. We were interested in determining whether shoaling behavior occurred at all times during the day, and whether variations in shoaling intensity, like those shown in the previous study, would be exhibited under these experimental conditions.
Materials and Methods

Fish Stocks and Housing
Adult, wild type D. rerio were obtained from a local fish distributor (Seven Star Tropical Fish, Philadelphia, PA) and housed in groups of 25 to 50 fish in 76 liter tanks maintained at 28°C. The walls of the holding tanks were covered with black construction paper and held under black plastic covers to prevent exposure of the fish to external light cues.
Light for the tanks was provided by fluorescent lamps controlled by timers and maintained under a 12:12 LD cycle with lights on at 08: 00 hrs EST and lights off at 2000 hrs EST. Fish were randomly assigned to one of the holding tanks and allowed to acclimate to lighting conditions for 10 days prior to testing. Fish were fed three times a week between 0800 and 0900 hrs EST. Housing and testing of fish occurred from November, 2011 to January 2012.
Shoaling Assays
A 76-liter tank (74 cm × 31 cm × 31 cm) divided into three compartments was used as the test tank for this study.
The central compartment (38 cm × 31 cm × 31 cm) was separated from the two end compartments (18 cm × 31 cm × 31 cm) by two glass partitions. The center compartment also contained preference zones 6.35 cm (approximately two D. rerio body lengths) from each glass partition. During shoaling assays, one end compartment held a small D. rerio shoal (five individuals) and the other compartment was empty. Stimulus shoals were maintained on a 12:12 LD cycle prior to the start of the experiment. No behavioral data was recorded for stimulus shoals. Equal numbers of assays were run with the target shoal in the left and right end compartments as to reduce the risk of tank effects (side biases).
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The test tank was set to the same 12:12 LD cycle as the holdings tanks (lights on at 08: 00 hrs EST and off at 20: 00 hrs EST). Lighting for the test tank was provided by two 60 W incandescent light bulbs during the day and one 60 W red incandescent bulb at night to reduce visibility. All lights were suspended approximately 33 cm from the top of the test tank. Light intensity readings were taken using an Xplorer GLX PASCO reader with a High Sensitivity Light Sensor. Light intensity at the surface of the water in the center compartment was found to be 14.68 ± 0.85 lx during the subjective day and 3.43 ± 0.024 lx during the subjective night. Light intensity in the middle of the center compartment was found to be 2.65 ± 0.16 lx during the subjective day and 0.39 ± 0.0037 lx during the subjective night.
During each shoaling assay, a single test fish, selected at random, was placed into the center compartment of the test tank and given 15 minutes to acclimate before the beginning of the test. Each test lasted for 72 hrs and began at one of four selected times: 0000 hrs EST, 0800 hrs EST, 12: 00 hrs EST, or 20: 00 hrs EST. Differences in behavior based on start times were not compared during this study. Shoaling behavior was recorded hourly using a Sony AVCD7 camera connected to an Everfocus EDSR100 VCR with attached Horita digital in-video stopwatch. The camera was placed approximately 2.10 m from the test tank so that both the center chamber and preference zones were in view. Recordings played back at 10 frames per second (fPS). Shoaling assays were performed at the top of each hour of recording.
Shoaling assays lasted 600 seconds, where the amount of time spent in each preference zone was recorded. The sample size consisted of 20 assays, with each fish (n = 20) being used only once.
Data Analysis
Shoaling behavior was analyzed by way of a two-way repeated measures ANOVA. For each day of testing the amount of time D. rerio spent in each preference zone was compared using paired t-test analysis. Mean shoaling time spent in each preference zone each day, was compared using a one-way ANOVA and post-hoc Tukey HSD. Kurtosis values were run for each test fish on each day of testing in order to determine whether noticeable changes in activity trends were observable over the course of the experiment.
Results
Shoaling behavior was observed to be significantly different between each hour of testing (F = 12.11, P < 0.001, ANOVA) but not significantly different across each day of testing (F = 1.494, P = 0.240, ANOVA). There were no significant interactions between test days and hours fish were tested (F = 1.123, P = 0.352, ANOVA).
Day 1:
During the first day of testing the test fish spent significantly more time near the target shoal than near the empty chamber at all time periods tested (P<0.05 for all time periods tested, Fig 1) . When comparing mean shoaling times, significant differences were found among test times (Fig 1, P<0 .001, F = 588.93, ANOVA).
The mean time spent near the target shoal was significantly greater during the 'lights on' phase of the day than during the 'dark' phase of the day (Fig. 2, P<0 .001, F = 117.69, ANOVA). In comparisons between shoaling at 0000hrs, 0800 hrs, 1200 hrs, and 2000 hrs, shoaling behavior was found to be significantly different (Fig. 3, P<0 .001, F = 7.487, ANOVA). Mean shoaling time at 00: 00 hrs (151 ± 20.71 sec) was significantly lower than mean shoaling times at 08: 00 hrs (337.2 ± 31.9 sec) and 1200 hrs (289.6 ± 29.3 sec), but was not significantly lower than mean shoaling time at 20: PACIOREK T, McROBERT T: Daily Shoaling Patterns in Zebrafish 4 00 hrs (244.6 ± 32.5 sec). No significant differences in mean shoaling times were observed between 0800 hrs, 12: 00 hrs, and 20: 00 hrs.
Day 2: During the second day of testing the test fish spent significantly more time near the target shoal than near the empty chamber at all time periods tested (p<0.05 for all time periods tested, Fig 4) . Mean shoaling time was also found to be significantly different among test times (Fig. 4, P<0 .001, F = 430.78, ANOVA).
The mean time spent near the target shoal was significantly greater during the 'lights on' phase of the day than during the 'dark' phase of the day (Fig. 5, P<0 .001, F = 76.77, ANOVA). Mean shoaling times at 00: 00hrs, 08: 00 hrs, 12: 00 hrs, and 20: 00 hrs showed a similar trend to the first day of recording, with significant differences in mean shoaling time observed at all four time periods (Fig. 6, P<0 .001, F = 9.52, ANOVA). Mean shoaling time at 00: 00 hrs (120.3 ± 28.9 sec) was significantly lower than mean shoaling times at 08: 00 hrs (315.7 ± 28.1 sec) and 12:00 hrs (272.5 ± 35.2 sec), but was not significantly lower than mean shoaling time at 20:00 hrs (182.5 ± 19.8 sec). Significant differences in mean shoaling time were also observed between 08:00 hrs and 20:00 hrs.
Day 3:
During the third day of testing the test fish spent significantly more time near the target shoal than near the empty chamber at all time periods tested (P<0.05 for all time periods tested, Fig. 7 ). However mean shoaling time was not found to be significant among test times (Fig. 7, P=0 .357, F = 1.08, ANOVA).
The mean time spent near the target shoal was significantly greater during the 'lights on' phase of the day than during the 'dark' phase of the day (Fig. 8, P<0 .001, F = 15.38, ANOVA). While comparisons of shoaling times at 00: 00hrs, 08: 00 hrs, 12: 00 hrs, and 20: 00 hrs showed a trend similar to the first two day of recording, mean shoaling times were not shown to be significantly different from one another ( Fig. 9 , P = 0.121, F = 2.00, ANOVA). No significant differences in mean shoaling times were observed between time periods.
Over the course of three days, mean time spent near the target shoal decreased significantly during the 'lights on' phase of the day (P = 0.001, F = 6.94, ANOVA ), while mean time spent near the shoal increased significantly during the 'dark' phase of the day (P = 0.002, F = 6.11, ANOVA). Kurtosis values were measured for each test fish across all three days of testing but was not shown to be significantly different across all three days (P = 0.697, F = 0.36, ANOVA) despite the shift in activity towards the end of the experiment.
Discussion
In this study we examined shoaling behavior in D. rerio maintained in a 12: 12 LD cycle (lights on at 08: 00 hrs, lights off at 20: 00 hrs). Using an in-depth experimental technique, shoaling assays provided test fish with the choice of a small shoal (five D. rerio) versus an empty compartment over the course of three days. Fish demonstrated shoaling behavior (spending significantly more time near the target shoal than the empty compartment) at all test times. At no point did shoaling behavior disappear completely, suggesting that fish may have been actively shoaling throughout the entire day. These results expand on the extensive literature showing that shoaling behavior is an important life history parameter for fish. However, it is difficult to know how well the fish were able to see during the dark phase (20: 00-07: 00 hours) of our study, and may have created a low visibility scenario, such as twilight, in which vision is possible, but impaired. Visual sensitivity outlined by Li and Dowling (1998) suggest that D. rerio may still be able to see under these PACIOREK T, McROBERT T: Daily Shoaling Patterns in Zebrafish 5 experimental conditions. However, the presence of shoaling under these conditions may suggest that shoaling exists as a crepuscular activity. Such activity, at dawn and dusk, has been noted as being advantageous for predatory fish as low light levels may make them harder to see (McKaye et al., 1979) . Pitcher and Turner (2006) 
observed that minnows
Phoxinus phoxinus were less likely to spot predators at dawn than during daylight, providing predators with an advantage for stalking prey. Shoaling is believed to offer individual fish numerous benefits, including protection from predators (Orpwood et al., 2008) and it may be possible that high predation risks may facilitate shoaling behavior in impaired conditions Ryer and Olla (1998) observed that juvenile walleye pollock Theragra chalcogramrna responded to predation risks faster in dark conditions, though shoal formation tended to be more dispersed than shoaling during subjective day. Our results showed a decrease in shoaling activity under conditions of low visibility, suggesting that individuals may not be able to locate shoal members as easily during lowered light conditions. While shoal composition may indeed disperse, fish may still attempt to locate shoal members in order to avoid risks associated with predation. By attempting to shoal under low visibility, individual D. rerio may maintain some contact with the shoal, thus assuring the benefits associated with this behavior.
In addition this study also demonstrates the presence of variations in shoaling intensity, with D. rerio spending more time engaged in shoaling behavior during daytime hours than during periods of low visibility. However, an observable shift in shoaling behavior was present on the third day of testing, where shoaling activity increased at low visibility and decreased during the day. Across all three days, shoaling behavior near the target shoal significantly increased during hours of low visibility and decreased significantly during subjective day hours. Overall, the behavior observed does not represent a strict diurnal (day active) pattern, as behavior at night was pronounced and increased over time. Changes in activity between subjective day and night may be related to locomotion in both test and target fish (though this was not measured in the experiment). Locomotion experiments have expanded on information surrounding fish behavior (Budick and O'Malley, 2000) , and have been linked to shoaling, with fish associating less with shoals displaying lower rates of activity (Pritchard et al., 2001) . However, the changes in shoaling intensity may represent also represent the effects of experience on the part of the test fish due to the utilization of the new shoaling experimental technique. This extended shoaling assay may have provided the test fish with the time needed to make strong associations with the target shoal and it's location within the test tank, enabling the test fish the opportunity to locate the target shoal even when vision is impaired.
Summaries of four time periods (00: 00 hrs, 08: 00 hrs, 12: 00 hrs, and 20: 00 hrs) showed a trend in activity across all three days, with shoaling at its lowest point at 00: 00 hrs (middle of subjective night) and peaking at 08: 00 hrs (early subjective morning). Shoaling then decreases steadily as subjective night approaches. These findings contradict the results from our earlier study (Paciorek and McRobert, 2012) , in which shoaling activity conducted in a 12:12 LD cycle showed the lowest mean shoaling times recorded in the middle of subjective night (00: 00 hrs), then rising significantly throughout the day, with peak intensity at the onset of subjective night (20: 00 hrs). These differences likely reflect the differences in methodology between experiments, as fish in the current study were allowed to stay in the test tank for 72 hrs, being tested every hour while fish in the earlier study were only tested once throughout the experiment. It is possible that under such conditions fish may habituate to the test tank and thus are more aware of the location of the stimulus shoal regardless of light conditions and visibility. However, both data sets share similarities in that the lowest point in shoaling activity was discovered to be in the middle of the fish's subjective night.
The concept of sleep has recently been examined with regard to behavior in fish (Allada and Siegel, 2008) .
Behaviors believed to represent sleep have been observed in fish, such as "sleep swimming," in which individuals PACIOREK T, McROBERT T: Daily Shoaling Patterns in Zebrafish 6 maintain a fixed position while still moving their pectoral fins, and show noticeable reductions in their ability to react to stimuli (Yokogawa et al., 2007; Goldshmid et al., 2004) . Sleep swimming may have evolved in coral reef fish as a behavior that benefits their host coral through aeration, removal of sediment and fertilization enhancement through the movement of water by fin motion (Goldsmid et al., 2004) . Fish have also shown evidence of sleep through fluctuations in gene activity similar to those seen in mammals (Cirelli and Tononi, 2008) . While sleep behaviors were not observed in this experiment, an investigation into sleep-wake cycles in D. rerio may expand on knowledge surrounding variations in shoaling behavior.
The activity of D. rerio test fish does not definitively show anything that could be considered to have a circadian influence. Circadian activity requires behavior to be consistent over the course of several cycles (Koukkari and Sothern, 2006) . However, the results show inconsistencies due to fluctuations in activity throughout the day. This study only accounts for behavioral aspects of circadian rhythms and thus may not demonstrate a complete circadian analysis. Very few studies have examined whether circadian rhythms have any influence over shoaling behavior. However, Kavaliers An expanded study into the field of circadian rhythms would be required in order to fully explain the results observed in this experiment. Examination of gene expression is a tool often used in circadian research (Guo et al., 2006; Whitmore et al., 1998) . Expression of circadian genes has been shown to mirror locomotor activity in zebrafish as well as blind cavefish, showing that behavior is indeed influenced by genetic factors, and that mutations in receptors can result in abnormal behavior (Cavallari et al., 2011) . Parallels between behavior and gene expression could provide more definitive evidence as to whether there is a link between shoaling and circadian activity.
In the present study, we monitored changes in shoaling intensity in D. rerio raised in a 12:12 LD cycle over the course of several days using a new shoaling methodology. Overall, we have observed that D. rerio engaged in shoaling behavior at all times throughout the day regardless of an established light:dark cycle. Shoaling was observed to be significantly higher during subjective day hours than subjective night hours. Shoaling was observed under decreased visibility, suggesting that D. rerio may engage in some crepuscular activity in order to locate and remain close to members of a shoal. Observable fluctuations in shoaling intensity occurred during the final day of testing, with mean shoaling time increasing during low visibility and decreasing during subjective day. Across all three days, shoaling behavior was seen to be low during the middle of subjective night (0000 hrs), and peaked at the onset of subjective day (08: 00 hrs). Following the onset of subjective day, mean shoaling time decreased throughout the day. These data also raise questions as to whether there is any connection between shoaling behavior and circadian activity, and ultimately requires further investigation.
We believe this study adds to the growing body of literature supporting shoaling as an important life history parameter in fish. Future studies will concentrate on repeating these experiments under continuous conditions (LL and DD), examinations into the effects of light quality, examining locomotion in test fish, gene expression, sleep behavior, and alternate factors that may influence shoaling behavior. 
